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The effect of stress on defect creation and diffusion during impurity-free disordering of SiOx-capped
n-GaAs epitaxial layers has been investigated using deep level transient spectroscopy. The oxygen
content in the SiOx layer and the nature of the stress that it imposes on the GaAs layer were varied
by changing the nitrous oxide flow rate, N , during plasma-enhanced chemical vapor deposition of
the capping layer. The peak intensity of defects S1 and S4 increased with the increasing nitrous
oxide flow rate to exhibit a maximum in the range 80 sccm,N,200 sccm. Any further increase in
N resulted in a decrease in peak defect intensity, which reached an almost constant value for N
.350 sccm. On the other hand, the peak intensity of S2* increased linearly with N . We have
explained the maximum in the intensity of defects S1 and S4 for 80 sccm,N,200 sccm to be due
to a corresponding maximum in the compressive stress which is experienced by the capped GaAs
layer during annealing. Although the creation of S2*, which we have proposed to be a complex
involving the gallium vacancy (VGa), is enhanced with the increasing compressive stress, it also
becomes efficiently converted into the arsenic-antisite, AsGa . The compound effect of these
opposing mechanisms results in a linear dependence of the peak intensity of S2* on N . This study
is to the best of our knowledge the first to provide the evidence for the stress-dependent
anti-correlation between VGa- and AsGa-related defects in GaAs. We have also narrowed the origin
of S1 to complexes involving arsenic interstitials, Asi , and/or AsGa . © 2003 American Vacuum
Society. @DOI: 10.1116/1.1535927#
I. INTRODUCTION
Impurity-free disordering ~IFD! using SiO2 capping layers
has recently been used to modify the band gap of GaAs-
based heterostructures to accomplish the monolithic integra-
tion of optoelectronic and photonic devices with different
functionalities.1 The technological simplicity of this disor-
dering process compared to current regrowth techniques
lends itself as a desirable alternative to achieve band gap
modification of compound semiconductor-based heterostruc-
tures.
Previous studies in the GaAs-based system have demon-
strated that IFD is a complex process which is affected by
several factors, including the type and quality of capping
layers, capping layer deposition technique and annealing
conditions.1–15 This dependence on multiple parameters and
the current lack of understanding of the mechanisms that
underlie the disordering process have precluded IFD from
becoming a viable technology for the fabrication and integra-
tion of optoelectronic devices. Although IFD has been stud-
ied for at least two decades, only few studies have investi-
gated the operative mechanisms of the disordering process.
Defects play an important role in IFD, and a better under-
standing of the underlying defect engineering aspects may
ultimately lead to an appreciation of the dominant operative
mechanisms of this process. There is the consensus that IFD
proceeds via the diffusion of point defects on the group III
sublattice in GaAs. However, defect creation and diffusion
under conditions similar to those used for device fabrication
and integration are not fully understood.
In an attempt to understand the defect engineering aspects
of IFD, we have recently undertaken systematic defect stud-
ies on doped GaAs epilayers.16–19 Future studies will also
include AlGaAs epilayers. It is worth noting here that defect
studies in GaAs epilayers of the kind proposed in this study
have become more pressing given the tremendous amount of
research that is currently being pursued on GaAs/~In!GaAsN
systems for the long-wavelength applications.20,21 We have
recently demonstrated that three electron traps S1 (EC
20.23 eV), S2* (EC20.53 eV), and S4 (EC20.74 eV) are
introduced in SiO2-capped MOCVD-grown n-type GaAs ep-
ilayers after rapid thermal annealing ~RTA!. We have pro-
posed these defects to be complexes related to either gallium
vacancies, VGa , arsenic interstitials, Asi , or arsenic antisites,
AsGa ~i.e., EL2-type defects! in GaAs.16,17 Another study has
previously demonstrated that the stress that the dielectric
capping layer imposes on the substrate plays during anneal-
ing plays an important role in the extent of disordering in
GaAs-based heterostructures.5 In particular, that study pro-
posed that IFD is a two-step mechanism, including the cre-
ation of VGa by the out-diffusion of Ga atoms into the cap-
ping layer, and the diffusion of VGa away from the capping
layer-GaAs interface. The first step is energetically more fa-
vorable when the capping layer is under tensile stress,
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whereas the second step is enhanced when the near-surface
region of GaAs is under compressive stress.5 However, the
relative importance of the two steps is not known, mostly
because the defect engineering aspects of IFD are not well
understood. Furthermore, we have recently proposed that the
efficient conversion of VGa into AsGa (VGa1Asi→AsGa),
which influences the extent of IFD in GaAs/AlGaAs hetero-
structures, is also stress dependent.22
In this paper, we study the effect of stress on defect cre-
ation and diffusion in impurity-free disordered n-GaAs epil-
ayers capped with SiOx layers. We have changed both the
oxygen content of the plasma-enhanced chemical vapor de-
posited SiOx layer and the stress that it imposes onto the
GaAs epilayer by varying the nitrous oxide flow rate, N . Our
results can be adequately explained only after accounting for
the effect of stress imposed by the SiOx layers onto the
n-GaAs epilayers. Defect depth profiles demonstrate the in-
verse relationship between the creation of VGa and AsGa in
disordered samples, and a case is made for the efficient for-
mation of AsGa under a compressive stress.
II. EXPERIMENTAL PROCEDURE
Epitaxial GaAs layers of ~100! orientation and doped with
131016 Si cm23 were used. The 4 mm thick epitaxial layers
were grown by metalorganic chemical vapor deposition
~MOCVD! on n1-substrates. The epitaxial side of the
samples were capped with 200 nm SiOx by plasma-enhanced
chemical vapor deposition ~PECVD! at constant rf power ~20
W!, silane flow rate ~160 sccm!, and substrate temperature
(295 °C). The nitrous oxide flow rate, N , was varied be-
tween 40 sccm and 700 sccm. We have previously reported
on the comprehensive characterization of these SiOx layers
using Rutherford backscattering spectroscopy, spectroscopic
ellipsometry, and Fourier transform infrared spectroscopy, as
well as measuring the stress that the layers impose on the
substrate on which they are deposited.6,7 Rapid thermal an-
nealing ~RTA! was performed on SiOx-capped samples at
900 °C for 30 s in an Ar atmosphere. After RTA, the capping
layers were removed by chemical etching in 10% HF. Fol-
lowing a degreasing step, native oxide layers were removed
by dipping the GaAs samples in dilute HCl. Samples were
loaded into a vacuum chamber to form circular Au Schottky
barrier diodes ~SBDs! by thermal evaporation at a base pres-
sure of 531026 mbar. Deep level transient spectroscopy
~DLTS! measurements were made using modified version of
a lock-in based system.23 DLTS spectra were measured by
adjusting bias conditions in order to probe the volume ex-
tending from 0.38 mm to 0.74 mm in all samples. DLTS
depth profiles were measured a fixed reverse bias, Vr , and
by successively incrementing the filling pulse, Vp , by 0.2 V
up to zero bias conditions. The sample temperature was fixed
at a value corresponding to the peak defect intensity in a
given rate window. Furthermore, the defect depth profiles
were calculated by accounting for the ‘‘l-effect’’ according
to Zohta and Watanabe.24 Current–voltage (I – V) measure-
ments were also performed on selected impurity-free disor-
dered samples.
III. RESULTS
Since the zero bias depletion layer width in our samples is
;0.32 mm, DLTS could not be used to probe the near-
surface region adjacent to the encapsulant/semiconductor
(E/S) interface. We have, therefore, performed I – V mea-
surements on the SBDs. Since the I – V technique relies on
the transfer of charge across the barrier between the semi-
conductor and metal contact, it exhibits extreme sensitivity
to the surface modification of the GaAs epilayer. This is a
key issue here since, as will be discussed later, the near-
surface region of GaAs is modified by the creation of defects
in a region adjacent to the E/H interface during IFD. The
current measured in the various samples for a forward bias
voltage of 0.1 V is plotted against the nitrous oxide flow rate,
N , in Fig. 1. A small forward bias was chosen in order to
measure the current transport predominantly due to carrier
recombination in the space charge layer of disordered
samples.25 It is observed that the forward current IF exhibits
a maximum ;1027 A for samples capped with SiOx layers
for 80 sccm,N,200 sccm. For the lower flow rates ~i.e.,
N,80 sccm), the current is significantly lower, while it lev-
els off around 1028 A for the higher flow rates.
DLTS was used to determine the concentrations and elec-
tronic properties of the defects introduced in the n-GaAs
epilayers following disordering using SiOx layers. The defect
levels created in SiOx-capped samples are shown in DLTS
spectra in Fig. 2~a! for selected nitrous oxide flow rates. The
as-grown epilayer contained only the arsenic antisite related
defect EL2, characteristic of MOCVD grown GaAs, in con-
centration ;1012 cm23.17 The reverse bias and filling pulse
height were adjusted to probe the defects in the same volume
of all the samples. IFD introduces the three dominant elec-
tron traps S1, S2*, and S4.16–19 It can be seen from Fig. 2~a!
that the relationship between the peak defect intensities and
nitrous oxide flow rate is not straightforward. In order to
highlight this nontrivial dependence, the peak defect intensi-
ties, D(dC/C), for S1, S2*, and S4 are plotted against N in
FIG. 1. Forward current, IF , in various samples measured at a bias voltage
of 0.1 V as a function of nitrous oxide flow rate, N . The solid line serves to
guide the eyes only.
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Fig. 2~b!. It is clear that S1 and S4 demonstrate a fairly
similar dependence on N , whereby the defect intensities ini-
tially increase with the increasing N to reach a maximum in
the flow rate regime 80 sccm,N,200 sccm, and thereafter
decrease to reach a constant level at the higher flow rates.
The solid curves through the data points for S1 and S4 are
only intended to guide the reader’s eyes to highlight this
trend. It is worth pointing out here that the flow rate depen-
dence of S4 in Fig. 2~b! is closely related to the results
depicted in Fig. 1, and will be discussed later. The peak
intensity of S2*, however, exhibits a different dependence
on N , as it rather increases linearly with nitrous oxide flow
rate. The results shown in Fig. 2 will be explained later in
light of the oxygen content in SiOx layers, together with the
stress that they impose on the GaAs samples.
Successful defect engineering of the properties of semi-
conductors requires intimate knowledge of the ‘‘signatures’’
~i.e., activation energy, ET , and capture cross section, sn),
their concentrations and diffusion properties, amongst others,
of defects introduced in the semiconductor material. We now
show the concentration and diffusion properties of the de-
fects by looking at their DLTS in-depth profiles. As evident
from Fig. 2, the concentration of S1 is relatively small for
most values of N except around N5100 sccm. We, there-
fore, show the typical DLTS in-depth profile of S1 for N
5100 sccm in Fig. 3~a!, which is sufficient to illustrate one
of its unique electronic properties. The concentration of S1
exhibits an unusual parabolic dependence on depth with a
conspicuous drop in the defect concentration towards the sur-
face. The apparent decrease in the concentration of S1 to-
ward the surface can be explained by looking at the bias
dependence of its DLTS peak shown in Fig. 3~b!. Increasing
the reverse bias causes the DLTS spectra to become skewed
toward the lower temperatures. This profile broadening is
accompanied by a shift in the defect peak position to the
lower temperatures, as well as a decrease in the defect peak
intensity. These results will be discussed in terms of the elec-
tric field-assisted electron emission characteristics of S1 us-
ing supporting evidence from our previous results.
The typical DLTS depth profile of S2* and S4 are plotted
in Fig. 4 for the selected nitrous oxide flow rate of 700 sccm.
The measurements for S2* were made using a filling pulse
FIG. 2. ~a! Typical DLTS spectra showing defects S1, S2*, and S4 in
samples deposited at different nitrous oxide flow rate. The same volume was
probed in all samples by adjusting the bias conditions, and ~b! peak defect
intensities versus nitrous oxide flow rate obtained from spectra in ~a!.
FIG. 3. ~a! DLTS in-depth profile of S1 for N5100 sccm, and ~b! DLTS
spectra for defect S1 obtained using the different bias conditions shown by
legends.
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width, tp52 s. We have previously used variable pulse width
measurements to show that the defect peak S2* in Fig. 2~a!
is in fact a superposition of two discrete defects.19 This ac-
counts for the discrepancy between the smaller value of ac-
tivation energy (EC20.46 eV) we have reported
previously16,17 and the one reported in this study (EC
20.53 eV). We have provided a detailed explanation for this
difference in an earlier study.18 A extremely small capture
cross section (;10220 cm2) of the dominant of the two de-
fects justifies the unusually long filling pulse width needed
for the complete filling of S2*.19 The depth profile of S2*
exhibits the same features irrespective of the nitrous oxide
flow rate. There is an exponential increase in the concentra-
tion of S2* up to ;0.7 mm, which then reaches a fairly
constant level deeper in the samples. The least squares fit to
the data points for depths less than ;0.7 mm reveals that the
decay length of S2* toward the surface is l15(0.08
60.02 mm). This characteristic decrease in the concentra-
tion of S2* toward the surface is not related to the effect of
electric field-assisted electron emission kinetics as is the case
for S1. It is better understood by considering the depth pro-
file of S4, as will be discussed shortly. The defect profile of
S4 in Fig. 4 clearly shows that it behaves quite differently to
S2*. The defect concentration of S4 decays exponentially
with depth. The least squares fit is used to describe this be-
havior in the form NS45NT0 exp(2x/l2), where l2 is the
characteristic decay length of S4. The value of decay length
for S4 lies in the range 0.17 mm,l2,0.19 mm. These re-
sults will now be discussed in light of the influence of stress
on defect creation and diffusion during IFD. Despite that fact
that IFD is a relatively simple technique, the results reported
here demonstrate that the defect engineering underlying this
process may not be straightforward.
IV. DISCUSSION
The forward current, IF , plotted in Fig. 1 shows that there
is a peak diode current in the flow range 80 sccm,N
,150 sccm. At room temperature, the dominant current
transport mechanisms across the metal-semiconductor inter-
face are through thermionic emission and recombination of
electron-hole pairs in the space-charge region. The recombi-
nation of free carriers in the space-charge region normally
takes place via localized states, and the most effective re-
combination centres are those lying near the middle of the
band gap.25 Defects S1 and S2* being relatively nearer to
the conduction band edge are thermally ionized at RT, and do
not influence the free carrier transport process. It is, thus,
reasonable to expect the forward current to follow the con-
centration of S4, which influences carrier transport at and
above room temperature. This is indeed the case as shown by
the nitrous oxide flow rate dependence of the peak defect
intensity of S4 in Fig. 2~b!.
We now turn to the variation of defect intensities with the
nitrous oxide flow rate illustrated in Fig. 2~b!. It is timely
here to describe the two generally accepted mechanisms by
which defects may be created in the impurity-free disordered
GaAs epitaxial layers.1,5,6,7,12,13 First, an excess VGa may be
created in the near-surface region of the GaAs due to the
out-diffusion of Ga atoms into the SiOx capping layer. The
out-diffusion of Ga atoms into the dielectric layer is energeti-
cally favorable when the dielectric layer has a lower thermal
expansion coefficient than GaAs.5 The out-diffusion of Ga
atoms is also enhanced by the porosity of the capping
layer.2–4,10,15 Second, metallurgical reactions between the
GaAs near-surface layer and the substoichiometric silicon
oxide capping layer can also generate excess VGa .13 These
two mechanisms for the creation of excess VGa suggest that
disordering of GaAs should increase with the increasing oxy-
gen content in the oxide capping layer. Indeed, a previous
study has demonstrated that the concentration of Ga atoms
out-diffusing from GaAs into a SiOxNy layer increased with
the increasing oxygen content in the capping layer.2 Based
on this argument alone disordering in our epilayers should
have a direct correlation with the oxygen content in the SiOx
capping layers. In our recent studies,6,7 we have used RBS,
FTIR, and spectroscopic ellipsometry to characterize the
SiOx capping layers deposited using different nitrous oxide
flow rates. The oxygen content in the SiOx layer increased
monotonically with the increasing N and near-stoichiometric
films were obtained for N>350 sccm. It is worth noting that
the intensity of S1 and S4 may well follow the variation of
oxygen content in the SiOx layer except for the maximum in
the range 80 sccm,N,200 sccm. On the other hand, S2*
increases linearly with N . Our results and discussion thus far
have shown that although the increasing oxygen content re-
sults in larger defect concentrations, it cannot on its own
fully explain the results in Figs. 1 and 2. We first discuss the
results for S4 and S2*, before concluding with S1.
The maximum in the concentration of S4 for 80 sccm
,N,200 sccm will now be explained in light of the stress
that the capping layer imposes on the GaAs layer during
RTA. In our previous studies,16,17 we demonstrated that S4
was related to the antisite defect, AsGa . Following the iden-
tification of EL2 as a complex involving AsGa and Asi ,
FIG. 4. Typical DLTS in-depth profiles of S2* and S4 for N5700 sccm. A
long filling pulse width tp52 s was employed for the complete filling of the
defect. The solid lines are least squares fits through the data points for x
,;0.7 mm, which reveal an exponential decrease in the concentration of
S2* toward the surface, and the exponential decay in the concentration of
S4 below the surface.
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whereby Asi is trapped in a second-neighbor position by the
strain field of AsGa ,26 the various second-neighbor positions
result in a distribution of EL2 defects corresponding to
slightly different energies.27 We have, therefore, argued that
the lower activation energy of S4 compared to EL2 in the
as-grown MOCVD epilayer resulted from perturbations in
the stain field of the defect due to the compressive stress
imposed by the encapsulant onto the GaAs surface layer dur-
ing IFD. These results are consistent with those of Ito
et al.,28 who showed that the formation of a similar defect in
their samples was stress dependent. In Ref. 6 we have mea-
sured the stress that the SiOx capping layer imposes on the
substrate, and showed that the compressive stress on the
GaAs layer exhibited a maximum in the flow regime
80 sccm,N,250 sccm.
In light of the above argument, we, therefore, attribute the
maximum in the peak intensity of S4 for 80 sccm,N
,200 sccm to a corresponding maximum in the stress on the
GaAs epilayers in this nitrous oxide flow rate regime. It is
worth pointing out here that we have recently demonstrated
the influence of stress on the formation of S4 in n-GaAs
epilayers using doped and undoped spin-on-glass ~SOG! cap-
ping layers.22 We observed that the formation of S4 was
higher for the undoped SOG than for phosphorous-doped
SOG since the former capping layer places the GaAs epil-
ayer under higher compressive stress during annealing. The
results in Fig. 4 demonstrate the exponential decay in the
concentration of S4 with characteristic length in the range
0.17 mm,l2,0.19 mm. These values are consistent with
the result we have reported earlier (;0.2 mm) when using a
stoichiometric oxide layer ~i.e., SiO2) for IFD.16 The expo-
nential decrease in S4 is characteristic of the diffusion of Asi
from the near-surface region of the disordered GaAs.26,28
We now turn to the creation of S2* and further relate its
depth distribution to that of S4. Following our previous
results16–19 and those of Kuzuhara et al.,29 S2* can be ten-
tatively assigned as a defect complex involving VGa ~i.e.,
VGa-SiGa or VGa-AsGa). In light of the influence of stress on
the outdiffusion of Ga atoms into the capping layer,5 the
creation of VGa should be a maximum for 80 sccm,N
,200 sccm.6 Although this may be the case, the higher com-
pressive stress also favors the efficient conversion of VGa
into AsGa . During IFD there is an increase in As:Ga ratio in
the near-surface region of the GaAs layer due to the outdif-
fusion of Ga atoms into the capping layer. This results in the
formation of excess VGa and Asi , and ultimately the forma-
tion of AsGa ~i.e., VGa1Asi→AsGa). The formation of AsGa
is a precursor to the creation of S4 through AsGa1Asi
→AsGa-Asi . Consequently, we may anticipate a reduction in
the concentration of VGa and, therefore S2*, when the for-
mation of S4 is enhanced. In other words, the increased in-
troduction rate of VGa in the flow regime 80 sccm,N
,200 sccm is nullified by its efficient conversion into AsGa .
The compound result of these two opposing mechanisms is a
linear variation of S2* with the nitrous oxide flow rate. Fur-
ther evidence of this is obtained by comparing the depth
distributions of S2* and S4. The depth distributions of S2*
and S4 are anti-correlated in the first ;0.7 mm below the
GaAs surface. The different decay lengths for S2* and S4 in
this region correspond to the diffusion of different species
~i.e., VGa versus Asi). Although we have recently proposed
this model to explain the efficiency of Al-Ga interdiffsuion in
impurity-free disordered AlGaAs/GaAs using SOG,22 the
present study provides the experimental evidence for the ef-
ficient conversion of VGa into AsGa under a compressive
stress in IFD GaAs epilayers. The fairly uniform concentra-
tion of S2* for depths exceeding ;0.7 mm suggests that VGa
may have a very long diffusion length, and that only those
VGa contained in the compressed near-surface region are ef-
ficiently converted into AsGa .
Although the exact nature of S1 is unknown to us at
present, we can, nevertheless, narrow down its origin based
on the above discussions. As shown in Fig. 2~b!, the peak
defect intensity of S1 shows a similar variation with N as S4.
Hence, we may conclude that a compressive stress has a
similar effect on the creation of S1 as it has on S4. We may,
therefore, exclude VGa or complexes thereof as being the
origin of S1. In IFD of GaAs, the main defect components
are VGa , Asi and AsGa , and their complexes. Hence, the
results presented in this study suggest that the origin of S1
may be narrowed down to Asi and/or AsGa . The decrease in
the concentration of S1 toward the surface depicted in Fig.
3~a! should not be confounded to be similar to that of S2*.
Figure 3~b! provides the evidence for this apparent decrease
in the concentration of S1 toward the surface. By varying the
reverse bias which is applied to the Schottky diode, the mag-
nitude of the electric field across the depletion region is in-
creased. According to the depletion approximation,30 the
electric field strength decreases from its maximum value of
(qNDw/«s) @where q , ND , w , and «s are the electronic
charge, doping concentration, depletion layer width, and di-
electric constant of semiconductor, respectively# at the sur-
face to zero at the edge of the depletion layer. For a fixed
reverse bias ~i.e., fixed depletion width, w), defects close to
the surface experience a stronger field strength that those
closer to the edge of the depletion layer. The DLTS spectra
of S1 shown in Fig. 3~b! unambiguously demonstrate that
the ionization potential associated with the defect is signifi-
cantly affected by an electric field.31 With the increasing re-
verse bias, and hence electric field strength within the deple-
tion region, the ionization potential of S1 is reduced, thereby
requiring less thermal energy for electron emission to take
place. This electric-field-assisted electron emission kinetics
of S1 translates into its DLTS spectrum to be skewed to the
lower temperature. This produces a shift in the defect’s peak
position to the lower temperature, together with a decrease in
its peak intensity. These results are consistent with our pre-
vious findings that the thermal activation energy of S1 de-
creased with the increasing reverse bias applied to the
diode.17 Hence, the apparent decrease in the concentration of
S1 toward the surface is a result of its electric-field-assisted
electron emission characteristic.
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V. CONCLUSION
We have used deep level transient spectroscopy to char-
acterize impurity-free disordered n-GaAs by employing ox-
ide capping layers. The oxygen content in the plasma-
enhanced chemical vapor deposited oxide layer was changed
by varying the nitrous oxide flow rate. The peak defect in-
tensity of S1 and S4 increased with the increasing nitrous
flow rate to reach a maximum in the flow rate regime
80 sccm,N,200 sccm, and thereafter decreased to reach
an almost constant level. On the other hand, the peak defect
intensity of S2* increased linearly with the increasing ni-
trous oxide flow rate. We have demonstrated that the varia-
tion of oxygen content in the capping layer alone could not
explain these results. The maximum in the peak intensity of
S1 or S4 correspond to a maximum in the stress imposed on
the GaAs layer by the capping layer for 80 sccm,N
,200 sccm. This stress effect was expected to produce a
similar effect on the creation of S2*, which we have pro-
posed to be a complex involving VGa . However, we have
provided the evidence that the increase in compressive stress
also favors the efficient conversion of VGa into AsGa through
the defect reaction, VGa1Asi→AsGa . The increased produc-
tion of VGa with an increasing compressive stress is nullified
by its conversion into the arsenic antisite. Since S4 is a
member of the EL2 family of defects, i.e., a complex involv-
ing AsGa , the depth profiles of S2* and S4 are anticorrelated
within the first ;0.7 mm below the GaAs surface. Based on
the results presented here, we have proposed that S1 was
most probably a complex involving Asi and/or AsGa .
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